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Abstract

Epitaxial layers of ferroelectric orthorhombic HfO, are frequently investigated as model systems for industrially more
relevant polycrystalline films. The recent success in stabilizing the orthorhombic phase in the solid-solution cerium
oxide — hafnium oxide system allows detailed investigations of external influences during fabrication. This report
analyzes the ferroelectric properties of two thin film capacitors, which were post-deposition annealed in N, and O,
atmospheres to achieve the orthorhombic phase after room temperature deposition. The samples, which exhibit very
similar constituent phase, appear identical in conventional polarization-field hysteresis measurements. However, a
significant switching speed difference is observed in pristine devices. Continued field cycling reduces the difference.
Deeper analysis of switching transients based on the Nucleation Limited Switching model suggests that the O, heat
treatment atmosphere results in an altered oxygen vacancy profile, which is reverted during ferroelectric cycling.

1 Introduction

Thin films of HfO, have received widespread attention
in research and industry since their adoption as high-
k gate dielectric [1]. Various properties of the material
have been discovered which have opened new applica-
tion options, such as flash memory [2], dynamic random
access memories, DRAM [3] and memristive functions
[4, 5].

In 2011, ferroelectricity in Si-doped HfO, thin films
was reported [6] and in 2015 the first successful epi-
taxial deposition of Y-doped HfO, was published [7].
Since then, significant research efforts have been ongo-
ing, both on the technological side as well as the funda-
mental understanding. HfO, thin films show pronounced
polymorphism between the monoclinic (m-), tetragonal
(t-), cubic (c-), rhombohedral (r-) and orthorhombic (o-)
phases [8—14]. A major concern in ferroelectric research
is therefore the stabilization of the appropriate phase,
which is typically the noncentro-symmetric o-phase
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Pca2,, although recent reports show ferroelectric proper-
ties in r-phase as well [13, 15]. Various approaches have
been studied such as specific deposition control [16, 17]
targeted heat treatment [18-20] and doping with ele-
ments [21-23], among others. A typical approach to
study the fundamental properties of ferroelectricity in
HfO, is to eliminate the influence of microstructure as
much as possible, i.e. epitaxial growth. Substrate selec-
tion and lattice matched bottom electrodes are essential
in this approach. Combined with careful dopant control
and targeted heat treatment, epitaxial thin films with
high desired phase contents are obtained. Such samples
are ideal candidates to study effects which are other-
wise inaccessible because of possible phase transforma-
tions during cycling or multi-grain influences. An open
question for HfO, ferroelectrics is the effect of oxygen
vacancy concentration on the switching dynamics. The
approach of this study is to isolate the effect of oxygen
vacancy concentration from the phase purity and orien-
tation purity by utilizing epitaxially grown films on lattice
matched bottom electrodes.

Therefore, in the present study, the influence of gas
atmosphere during the commonly performed heat treat-
ment step with continued field cycling on the ferroelec-
tric switching speed is investigated. For this purpose,

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40580-022-00344-4&domain=pdf
http://orcid.org/0000-0002-1959-6524

Clippers et al. Nano Convergence (2022) 9:56

the recently reported solid-solution epitaxial system of
(111)-oriented 17% CeO,—83% HfO,, which shows the
highest fraction of o-phase in the composition range,
is chosen as model system [24]. Because of the (111)
In,0;-Sn0O, (ITO) bottom electrode and the precise
doping, the o-phase is predominant irrespective of the
employed gas atmosphere during the heat treatment.
The results of this letter reveal that the heat treatment
gas atmosphere has a significant effect on the switching
speed in pristine samples in this novel material system.
The influence diminishes during cycling of the capacitors.
Because of the epitaxial nature of the films, we propose
that generated and redistributed defects are the leading
cause for the switching speed change. It is found that the
rate limiting step transitions from mainly domain wall
motion limited to nucleation limited.

2 Experimental methods

The sample fabrication is described in detail in the recent
report on the composition dependence of the (Hf; _,Ce,)
O, system [24]. In the scope of this study, only the
x=0.17 samples are considered since they provided the
highest o-phase fraction after deposition. Importantly,
the post-deposition annealing conditions were identical
to [24], i.e. rapid thermal annealing before top electrode
fabrication at 1000 °C for 10 min with heating and cool-
ing rate of 25 °C/s and 8 °C/s, respectively. Atmospheric
oxygen and nitrogen were employed through constant

Page 2 of 9

gas flows of 100 cm®/min and 100 cm®/min, respectively.
The final stack of the samples is (111)YSZ// 50 nm-(111)
ITO// 20 nm-Hf; 45Ce ;,0, // 100 nm-Pt. The ferroelec-
tric film thickness of 20 nm is required for high signal-to-
noise ratio during phase identification using Reciprocal
Space Mapping as described in our previous report. The
properties of thinner layers are currently under inves-
tigation. The measured capacitors in this study were all
50 um in diameter.

For electrical testing, a ferroelectric test setup (Toyo
FCE-1) with a Toyo Corporation HVA-300 module was
employed. This setup allows to measure current tran-
sients with a sampling rate of 250 million data points per
second.

3 Results and discussion

3.1 Results

Figure 1 shows the polarization (P)-electric field (E)
loops measured using bipolar triangular pulses of both
the N, annealed (a) and the O, annealed (b) samples.
P-E hysteresis were recorded at 10 kHz frequency and
are average of 3 cycles each. Both samples show clear fer-
roelectric property in the pristine state, without wake-up
process. This feature is different from reported polycrys-
talline samples [25—27], but is frequently observed in epi-
taxial films [13, 28—-30] and may be due to the high phase
and orientation purity of lattice-matched epitaxial films.
The coercive field, E_, is nearly symmetrical for up and
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Fig. 1 a, b Polarization-field hysteresis loops and ¢, d cycling experiment for the sample annealed in N, atmosphere and sample annealed in O,
atmosphere, respectively. Coercive fields are depicted as grey closed symbols, remanent polarizations as orange open symbols. Coercive fields at
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down polarization switching at approximately |2.5 MV/
cm|. While polycrystalline samples typically show lower
E,, it is a common value for epitaxial films in this thick-
ness range [9]. The investigation on the effect of thickness
scaling in this dopant system is ongoing. Figure 1c and d
shows the two-staged cycling experiment of each sample.
Polarization cycles were realized as 100 kHz rectangular
signals of £6 MV/cm. Coercive fields of the P-E meas-
urements are plotted as grey closed symbols, while the
values of remanent polarization P, are depicted as open
orange symbols. Selected values of the coercive field for
positive polarization reversal are highlighted as star sym-
bols. The according P-E loops are plotted in Fig. 1a and
b. The lack of wake-up in these samples is visible, as P,
remains high throughout the measurement. A slight
asymmetry in remanent polarization is observed, which
may be related to the asymmetric electrodes of the stack.

Both samples showed similar endurance to around 10°
cycles at 100 kHz frequency. The subsequent failure was
not preceded by fatigue symptoms such as diminishing
P, but appeared spontaneously. In contrast, P, seems to
increase during the measurement. However, the nega-
tive slope of P as the field approaches the maximum/
minimum indicates an increase in leakage current, which
artificially increases the value of P,. The following pre-
pole-P-U analysis (See Fig. 2) revealed that the value of
P, actually remains nearly constant between the pristine
sample and after 10* cycles.

To study the switching kinetics of the two samples
annealed under N, and O, atmosphere, the measure-
ment procedure shown in Fig. 2 is employed. It con-
sists of three distinct parts. During the prepole signal,
the device is subjected to a 50 ps long triangular volt-
age signal to -6 MV/cm. The following positive (P) sig-
nal is of 10 ps duration and variable field. After a 5 ps
delay, the same signal shape is applied once more as
the up (U) signal. Similar to the PUND sequence [31],
this measurement technique allows subtracting the
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Fig. 2 Prepole-Positive-Up measurement scheme
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Fig. 3 a and b: Calculated switching times from the measured
polarization transient curves for different cycling stages of the sample
treated in N, and O,, respectively. c and d: Extraction of activation
field versus coercive field ratio from the modified Merz'law of Eq. (3)
of the sample treated in N, and O,, respectively

leakage current and the dielectric charging component,
recorded during the U pulse, from the P pulse, which
also contains the possible polarization reversal current.
Hence, by integration of the subtracted current signal
the polarization charge density

10us
APy (8) = / (Up — Iy)dt (1)
0

can be calculated. To exclude the influence of the rising

voltage, only currents after 90% of applied electric field
(E,pp) is reached are considered. The switching time £,
is defined as the time for reaching 50% of the achievable
polarization for the given field. Figure 3a and b show
Ly versus E,, at different cycling stages for the samples
annealed under N, and O, atmosphere, respectively.
Both samples show a clear dependence of £, on E,, as
expected. Furthermore, the switching speed appears to
be dependent on the cycling stage for both samples. The
increase in t,,, is more significant for the sample annealed
in O,, which shows faster switching than the N, annealed
sample in the pristine state.

As seen in Fig. 1, E_ changes during the cycling. The
comparison of switching transients should therefore be
considered with respect to E,,, normalized by E, i.e.
the fraction (E,,, / E.) at the different cycling stages.
Merz’ law [32] is a good descriptive model for the ¢,
versus E,_ relation. It can be modified to incorporate

app
the consideration of non-constant E:
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and rewritten into the linear form

tew = T0 exp(

Ey E,
In(Zsw) = In(7o) + E. Eup (3)

Here, E, is the activation energy for polarization
reversal and 1, the theoretical switching time for infi-
nitely strong fields.

Figure 3c and d show the Merz’ law fits for the sam-
ple annealed under N, and O, atmosphere, respectively.
The solid lines show linear least-squares fits to the
data points. Inset values are the fit slopes, (E,/E.). The
slope and position of the N, annealed sample remains
constant for the cycling stages. The slope of the O,
annealed sample shows significant shift towards higher
values of (E,/E,) for the cycling stages, indicating inter-
nal changes in the film.

The differences in switching kinetics are further
examined by comparing the recorded polarization tran-
sients to common switching models. This approach has
been employed before for HfO, ferroelectric systems
[33], although in most publications discrete probing
pulses are used [34—36]. Regarding the appropriate
model, a wide variety has been proposed in literature,
including the Kolgomorov-Avrami-Ishibashi (KAI)
model [37-39], Inhomogeneous-Field-Mechanism
(IFM) model [40, 41], multi-grain Landau-Khalatnikov
(LK) model [42] and the Nucleation-Limited-Switching
(NLS) model [43—-47]. In the scope of this study, we rule
out both the IFM and the multi-grain LK model due
to their nature of assuming a polycrystalline film with
wide variety of polarization orientations, which is the
opposite to our highly oriented epitaxial films [24]. The
KAI model is considered appropriate for epitaxial films
in classical ferroelectric materials since it describes
homogeneous domain nucleus formation and unhin-
dered domain wall motion as the limiting step similar
to high-purity bulk materials [43, 48, 49]. However,
multiple recent studies have demonstrated that the
NLS model is a better fit for HfO, thin films [34, 35,
50, 51]. This model assumes inhomogeneous formation
of nuclei in different regions of the film with a charac-
teristic distribution. Mathematically, the ferroelectric
response of the NLS model is defined as

AP, (t) = 2P / [1 —exp{—<tﬁ) H - F(log(to) ) d (log(to))
—00 0

(4)

Here, P, is the switchable polarization, ¢, is a charac-

teristic switching time and # is the domain expansion
coefficient. F(log(t,)) denotes a Lorentzian distribution
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function, which describes the assumed spread of char-
acteristic switching times of individual domains:

A w
F(log(ty)) = —
(log(@) 7 | (log(to) — log(tl))2 + w?

(5)

Here, A is a normalization constant, w is the half
width at half maximum of the distribution, and ¢, is the
distribution center. The transient polarization curves
were fitted using an interior-point algorithm that was
allowed to vary the parameters [P, #n, t;, w] to mini-
mize the total squared error between experimental data
and fit. A rough parameter guess was supplied to the
algorithm to ensure quick convergence and to reduce
the risk of convergence to sub-optimal local function
minima. The minimum R? value of the fit to the experi-
ment is 0.933 and the mean R? value of all fitted curves
is 0.992, indicating very accurate matching of the above
NLS equations to the experimental data. The value of P,
converged very closely to the polarization at t=10 ps,
as expected. The value of # is between 2 and 3, which
indicates 2- to 3- dimensional domain growth.

The solid lines in Fig. 4a and b show the transient polar-
ization curves as calculated by Eq. (1) for the N,- and the
O,-treated samples, respectively. For readability, three
cycling stages of two exemplary fields, 3 MV/cm and 4.5
MV/cm, are shown. The curves are normalized to the
maximum reached polarization at the given cycling stage.
The corresponding NLS model fits are shown as dashed
lines. The difference of the cycling stages, which are
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Fig. 4 aand b: Measured and NLS fit polarization transient curves
for different cycling stages of the sample treated in N, and O,,
respectively. ¢ and d: Corresponding distribution functions of the
characteristic switching times
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indicated by the direction of the arrows, is visible both in
switching magnitude and speed from the transients. The
O, sample shows a more pronounced speed lowering.

Figure 4c and d show the Lorentzian distributions of
Eq. (5) for the fits in (a) and (b), respectively. Arrows indi-
cate the increase in cycling stage. Both samples exhibit a
lower center position and wider distribution. The effect is
much more pronounced for the O,-treated sample. The
distributions after 10* cycles look almost identical for
both samples.

The parameters ¢, and w, which determine the shape of
the characteristic switching time distribution, are shown
for both samples respectively in Fig. 5. Since the ratio of
(Eopp/E.) reveals a difference in the internal behavior as
described above, this approach is chosen here. While the
N, sample shows very minor dependence on the cycling
stage, the O,-annealed sample changes significantly
during cycling. Both #; and w increase with increasing
switching cycles. The change of ¢; is very similar to the
change in ¢, shown in Fig. 3b, which is due to the low
values of w.

3.2 Discussion

The slight change in switching speed of the N,-treated
sample, see Fig. 3a can be explained mainly by consider-
ing the according change in the coercive field. There are
multiple possible explanations for changes in E. Apart
from the frequently argued domain wall pinning mecha-
nisms [52, 53], other effects such as local imprint mecha-
nisms [54], local phase decomposition mechanisms [55,
56] and seed inhibition mechanisms [57, 58] are dis-
cussed. In comparison, the analysis of the O,-treated
sample revealed that the property changes due to the
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Fig. 5 aand b: NLS fit parameter t,. ¢ and d: NLS fit parameter w of
the sample treated in N, and O,, respectively
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change in macroscopic coercive field is superimposed
by a more severe change that cannot be explained in the
sense of coercive field change. While fast switching with
low activation fields, E,, is dominant in the pristine
state, the cycling induces changes that both increase the
coercive field in a range similar to the N,-treated sample,
but also significantly increases the activation field as well
as shifts and broadens the characteristic switching time
distribution. As recently pointed out by Buragohain et al.
[34], KAI model and NLS model naturally converge at
high fields due to increasingly sharp distribution of char-
acteristic times ¢, approximating the Dirac function of
the KAI model. Additional file 1: Figure S1 in the Sup-
plementary Information demonstrates the convergence
of the Lorentzian distribution into a Dirac function.
Small values of w therefore hint at switching in the sense
of the KAI model, i.e., rather homogenous nuclei forma-
tion and unhindered domain wall propagation. In the
present study, the values of w of the N, annealed sample
remain constant and relatively high for the cycling stages,
but increase significantly for the O,-annealed sample. As
discussed in [34], the difference between KAI and NLS
switching is expected to show most significantly at low
fields, ie. for 1 < (E,,,/E)<1.5. Indeed, the difference
in w is most significant for this range. Additionally, #;
increases for the O, treated sample, pointing at increas-
ingly inhibited nucleus formation.

We propose the following model as explanation for
these observations: The atmospheric oxygen annealing
step results in a reduced oxygen vacancy concentration
in the film, i.e. a lower defect concentration. Importantly,
the orthorhombic phase is not destabilized as evidenced
by X-ray analysis in our previous study [24] and similar
P, during our electrical measurements. The o-phase sta-
bilization is sufficiently provided by the CeO, doping
as well as the lattice matching with the (111)ITO bot-
tom electrode. Epitaxial films of other phases, such as
tetragonal and monoclinic, were obtained by changing
the CeO, concentration. So, stabilization of the desired
orthorhombic phase is mainly determined by the CeO,
concentration. During the initial switching cycles, the
lowered defect concentration in the O,-treated sample
allows for homogeneous domain nucleus formation. This
behavior can be described by KAI model, or, as demon-
strated in Additional file 1: Figure S1, by low values for
NLS parameter w. In comparison, the N,-treated sample
is comparably defect-rich from the beginning, result-
ing in nucleus inhibition and inhomogeneous domain
nucleus formation. This behavior is well described by the
NLS model with moderate values of w. Continued field
cycling results in generation of oxygen vacancy defects
in the films. The subsequent redistribution within the
film as discussed for other samples [59-61] leads to
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domain nucleus inhibition at the defect sites and slightly
increased macroscopic coercive fields. The O,-treated
sample is affected more significantly by the generation
and redistribution of oxygen vacancies since its initial
concentration is low. The samples behave nearly identical
once the distributions assimilate, as seen from the simi-
lar activation fields and the NLS parameters. The fatigue
property of the capacitors is not significantly influenced
by this process, as the redistribution is finished after 10°
to 10* cycles, which is far below the typically observed
10° cycles until breakdown of both samples.

As alternating fields are proposed to cause the defect
generation and redistribution, significant frequency
dependence is expected. Indeed, by repeating the pre-
viously described experiment on fresh capacitors and
increasing the cycling frequency, f, from 100 kHz to
2 MHz, the shift of activation field, E,, and the ratio
(EA/E,) is delayed with respect to cycle number. How-
ever, the applied field time £,,,,.q4 = (cycle/f ) is expected
to be the determining factor. Figure 6a and b show the
ratio (E,/E.) and E,, respectively. The activation field of
the N,-treated sample shows slight device to device vari-
ability, but E, of both capacitors remains constant over
the cycling. In contrast to that, the O,-treated sample
shows aligning time dependence with an increasing trend
as expected. The activation field values of the N, samples
are in good agreement with another study on epitaxial
Y-doped HfO, films [34], while it is around 2 to 4 times
higher than reports on polycrystalline samples [36, 62].
Since E_ of polycrystalline films are typically lower, this
observation holds true for the ratio (E,/E,. The 100 kHz

251 (a)

N, O,

A | A [100 kHz
® | O [2MHz

Pristine 104 10° 102 10" 10°
Cycle/frequency [s]

Fig. 6 Activation field frequency dependence
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experiment was conducted for the opposite switching
direction also, which revealed the same relationships and
values and is not shown here.

The presence of oxygen vacancy defects in HfO, thin
films is undisputed, yet their influence on ferroelectric
switching is still under debate. On the one hand, the sta-
bilizing effect of oxygen deficiency is agreed upon [49,
62—64]. On the other hand, the influence on the switch-
ing kinetics is controversial, including reports of no
direct influence [65] and switching speed enhancements
[35, 64]. In the present study, we found faster switching
with close to KAI model dynamics for the sample with
the higher oxygen content. Yet, our results are not nec-
essarily in contrast to other studies as several important
factors are different: First, the measured effect dimin-
ishes over the period of around 10 ms field cycling (10
cycles at 100 kHz), which is below typical wake-up times
in polycrystalline samples [25, 26, 50, 66—68]. The phe-
nomenon may therefore be only observable in epitaxial
samples without the masking wake-up effect. Second,
the highly oriented epitaxial nature of the films may be
a crucial prerequisite for obtaining homogeneous switch-
ing similar to KAI dynamics. Grain boundaries and
other volume defects of polycrystalline films may pro-
hibit switching with KAI model dynamics, even when
oxygen vacancy defects are excluded. Third, the stabi-
lizing effect of oxygen vacancies in polycrystalline films
[49, 62—-64] implies that the vacancy concentration also
changes the phase composition and remanent polariza-
tion, which may alter the switching speed simultaneously.
Our precisely doped and lattice matched films showed
identical structural properties, see [24], and remanent
polarization, which proves that the defect concentra-
tion and the phase composition are disentangled in our
samples. Lastly, the valence state of dopants in HfO, may
have significant impact on the ionic mobility [69]. This
circumstance will require further studies, e.g. comparing
epitaxial films of the popular tetravalent (Hf:Zr,;)O,
and Si:HfO, [10, 70] systems with mixed-valence dopants
such as the presented Ce®"/Ce*" and trivalent options
such as Y:HfO, or La:HfO, [28, 34, 71].

4 Conclusion

Epitaxially-grown orthorhombic Hf;4;Ce,;,0, capaci-
tors were investigated with respect to their switch-
ing dynamics at different cycling stages. While the
post-deposition annealing in N, and O, atmosphere does
not impact the constituent phase composition and the
macroscopic ferroelectric properties, the sample treated
in O, atmosphere switches significantly faster and more
uniformly than the N, sample in the pristine state. As
cycling continues, both samples show slight increase
in coercive field. The O, sample additionally transitions
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from a uniform switching process similar to KAI dynam-
ics into a non-uniform region-by-region-like switch-
ing described by NLS dynamics, which is the prevalent
mode in the N, treated sample for all measured cycling
stages. The assimilation is completed after around 103
cycles at 100 kHz, which is three orders of magnitude
below the typical failure. The process is explained by an
oxygen vacancy defect reduction during heat treatment
and gradual cycling-induced defect re-injection and
redistribution.
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Additional file 1: Fig. S1. Distribution functions for different values of
win the NLS model for t; =1 ps. In the KAl model, a single characteris-
tic time is assumed through a Dirac function. For small values of w, the
functions assimilate.
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